The synthesis of a biotinylated bivalent zanamivir analog as a probe for influenza viruses is reported. The compound was used in a 'glycan' based sandwich assay; where glycans were immobilized on glass slides to capture strains of influenza A H1N1, A/Brisbane/59/2007 virus; the biotinylated bivalent zanamivir analog-labeled streptavidin complex was used as reporter. This research strongly suggests that glycans can be used for capturing and reporting influenza viruses and the biotinylated compounds can be used as probes for capturing and isolating influenza viruses from complex mixtures.
Introduction
Influenza virus, a highly transmissible respiratory pathogen, infects several millions of people annually. Influenzarelated deaths ranked 8th among the leading causes of death in the United States in 2014 according to the Centers for Disease Control and Prevention, Atlanta, GA, USA [1, 2] . While seasonal influenza can and is damaging, emerging strains can cause widespread and significant economic harm with entire school systems forced to shut down during a pandemic [3] . Vaccines are highly recommended for the most vulnerable, however, the effectiveness of vaccines in any given season varies widely; in most years it is ≤50% effective [4] . Moreover, it is logistically not possible to vaccinate all vulnerable populations. Antivirals that include tamiflu and relenza represent an alternate countermeasure to counter the harmful effects of the virus, but they must be provided to patients 24-48 h before onset of infection for optimal efficacy [5] . A third and important countermeasure is precise and rapid diagnostics to detect the virus because early detection can be used to quarantine patients to arrest the spread of a rapidly evolving and transmissible strain.
Diagnostics for influenza virus include traditional plaque assays [6] , rRT-PCR [7] and antibody based assays [8, 9] . There are advantages and disadvantages to all these assays; cell culture methods require trained personnel and a laboratory equipment, rRT-PCR methods such as the recently approved alere™ influenza tests are expensive and antibody based tests are not preferred as they are not very sensitive [9] [10] [11] . We recently reported an alternative diagnostic method where the surface glycoproteins are targeted [12] [13] [14] [15] . Briefly, influenza virus has two surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA) that play an important role in the viral lifecycle. HA binds to a nine-carbon glycan, N-acetylneuraminic acid or sialic acid, present on the termini of glycolipids and glycoproteins of the epithelial cells of the respiratory tract [16, 17] . This is followed by cell entry and infection of the host cell. After utilizing the host cell machinery for virus propagation, the progeny escapes the host cell to infect neighboring cells and tissues. Interestingly, sialic acid present on the infected host cell prevents the viral progeny from escaping. Mucins containing sialic acid also inhibit the virus from propagating [18] . The enzyme NA cleaves sialic acid on the infected host cell and mucins freeing viral progeny to infect other cells. We choose to target these glycoproteins for three reasons: First, they are vital proteins of the virus requiring sialic acids. Second, there are approximately 300-400 copies of HA and 50-100 copies of NA on a single viral particle. HA exists as a trimer and NA as a tetramer, and a substantial number of copies on a single virion provides an adequate number of protein targets for synthetic or natural sialic acids to capture [19, 20] . Third, this receptor based approach is unique in comparison to antibody based diagnostics. All strains of influenza virus are expected to bind to sialic acid analogs and each strain would yield a 'fingerprint' pattern of recognition that can be used to detect the virus [14, 15] . In previous studies, we developed microarrays comprised on synthetic sialic acid analogs that could bind to HA and/or NA. After exposure of the focused microarray to different virus strains, a fluorescently labeled antibody was used as the readout [14, 15] (Figure 1A ). These studies were important to establish proof of principle that sialic acid analogs could be used to detect influenza viruses; however, a limitation of the studies was that antibody based reporters are required. Following a report by Wong and coworkers [21] , we now report the synthesis, characterization and initial binding studies of 'universal' glycan based reporter molecules that could bind to all virus strains. Since the capture and reporter molecules are made of glycans, antibodies are not required ( Figure 1B ).
Results and discussion
The design and synthesis of the universal reporter is shown in Scheme 1 and it follows our previous publications [15] . We choose to use zanamivir analogs as the glycan headgroups as the binding affinity of zanamivir to NA is in the nanomolar range. The active site of influenza NA is also highly conserved and, furthermore, resistance to zanamivir is not as high as to oseltamivir. In fact, very few cases of zanamivir resistance has been reported [22] . We also choose to develop a dimeric scaffold as dimers improve the avidity effect [23] . We designed the molecule in which two zanamivir analogs fit into two active sites of a NA tetramer or two adjacent NA tetramers [24] . We attached biotin at the opposite end of the scaffold because biotin can bind to fluorescently labeled avidin yielding the desired reporter. The final construct is expected to possess eight zanamivir analogs as one avidin binds to four biotin molecules. The azido compound 1 and the scaffold 2 were synthesized as described previously. 1,3 Dipolar cycloaddition [25] reaction under standard conditions was performed to yield the biotinylated bivalent compound 3 in 60% yield. Deprotection of the tert-butoxycarbonyl and methyl ester groups resulted in the desired reporter molecule AD-R. This compound was purified using size exclusion Biogel P2 columns to yield a foamy solid. All intermediates and the final compound were characterized using NMR and MS.
Next, we used the biotinylated compound as a reporter in microarray studies. We printed four bivalent compounds on glass slides for these exploratory studies [14, 15] (Figure 2 ). These compounds have been shown in our previous studies to capture different strains of influenza viruses [15] . After incubating with Influenza A H1N1, A/Brisbane/59/2007 virus at rt for 1 h, the slides were washed extensively, and exposed to AD-R. This step was followed by extensive washing and addition of labeled streptavidin. While we choose a two-step procedure of adding the biotinylated compound followed by the labeled streptavidin, an alternate method of premixing one equivalent of the avidin with four equivalents of the biotinylated compound could also be used with the caveat that the latter method requires purification of the avidin-biotin complex. The slides were scanned using a Genepix400B scanner at 557 nm. It was gratifying to observe that all four printed compounds capture the virus when the labeled streptavidin-AD-R conjugate is used as the reporter; non-specific binding to PEG is negligible (Figure 3 ). The increase in relative fluorescence units (RFU) from background is not as high in comparison with antibody based reporters [15] , presumably because capture and reporter ligands that primarily bind to NA are used. The number of NAs on a single virion is not as high as the number of HAs [19, 20] . Secondly, NAs have been shown to be present in clusters or scattered on the virus surface [19, 20] which may limit the number of available sites for the reporter to bind when the virus is captured by the glycans on the glass slides. This may lead to a lower RFU value. We plan to develop the use of ligands that capture HA, which should give a higher RFU value. It was also determined that the limit of detection of this virus is 10 4 PFU (plaque forming units).
Conclusions
A biotinylated bivalent zanamivir analog for the specific capture of influenza viruses was synthesized. This molecule was used as a reporter in the microarray studies and it was demonstrated that this compound could also be used as a reporter in a sandwich assay with an influenza A H1N1 virus strain. The biotinylated molecule could be used as a probe to capture influenza viruses as the biotin can readily be attached to streptavidin coated magnetic beads [26] , nanoparticles [27] or surfaces [23] .
Experimental
All reactions were performed under argon atmosphere with dried solvents. All chemical reagents were of analytical grade and used as supplied. Tetramethylrhodamine (TRITC) labeled streptavidin was purchased from Thermo Scientific as a lyophilized powder. Compounds AD1-4 were synthesized as described previously [15] . The acidic ion exchange resin used was Amberlite ® IR 120 (H + ) resin. Analytical thin layer chromatography (TLC) was performed on silica gel 230-400 mesh (Sicicycle). Plates were visualized under UV light, and/or by staining with CeH 8 Mo 3 N 2 O 12 followed by heating. Column chromatography was performed on silica gel (230-400 mesh). 1 H NMR (400 MHz) and 13 C NMR (100 MHz) spectra were recorded on a Bruker 400 spectrometer. Electrospray ionization mass spectra were recorded on a Micromass Q\T 2 (Waters) and data were analyzed with MassLynx ® 4.0 (Waters) software. Yields refer to spectroscopically and chromatographically pure compounds that were dried under reduced pressure (10 −2 mbar).
Synthesis of compound 3
A mixture of compound 1 (0.03 g, 0.05 mmol), 2 (0.01 g, 0.02 mmol), CuSO 4 (4.6 mg, 0.03 mmol) and sodium L-ascorbate (7.3 mg, 0.02 mmol) in t-BuOH/H 2 O (1.0 mL, 7:3) was stirred at rt for 12 h with progress of the reaction monitored by TLC. Upon completion, solvent was removed under reduced pressure and the residue was purified by column chromatography eluting with dichloromethane/methanol 
Synthesis of compound AD-R
A solution of compound 3 (0.01 g, 0.004 mmol) in dichloromethane/ trifluoroacetic acid (1 mL, 1:1) was stirred at rt for 1 h, then neutralized with H + DOWEX 50WX8-200 ion-exchange resin to pH 7. The resin was filtered, washed with methanol and the solution was concentrated under reduced pressure. The solid residue was re-dissolved in methanol, the solution was treated with NaOH (50 mm, 1 mL) and the mixture was stirred at rt for 2 h. After neutralization with H + DOWEX 50WX8-200 ion-exchange resin, the resin was filtered and the product was purified with Bio-Gel P-2 Gel eluting with deionized water to give 5.2 mg (80%) of AD-R: 
Biological assays
Immobilization of glycans Synthetic glycans were covalently immobilized onto Nexterion NHS slides using a DIGILAB OmniGrid Micro printer in 300 mm phosphate buffer with 0.005% Tween-20 at pH 8.5 [15] . Each glycan was printed 20 times in quintuplicate at 200 μm concentration. Following printing, the glycans were allowed to react for 30 min at 60% humidity. After overnight desiccation, the slides were blocked for 60 min with 50 mm ethanolamine in 50 mm boric acid buffer (pH 9.5), washed 3 times with deionized water, dried and stored at −20°C. to the microarray for 60 min. Following virus incubation and wash (3 times with PBS and 0.05% Tween-20 and 2 times with PBS), 200 μL of 20 mm of AD-reporter was applied to the microarray for 60 min in the same buffer. TRITC labelled streptavidin (1 mg) was re-suspended into 1 mL of the buffer. A 20 000-fold dilution of the fluorescently labelled streptavidin was applied to the microarray after the slides were washed extensively and incubated for 60 min. The slides were washed followed by a rinse with deionized water (3 times). The slides were dried and scanned using a GenePix4000B scanner at a wavelength of 557 nm. All experiments were performed in triplicate. were printed at 200 μm. Virus concentration was 10 5 PFU. Fluorescence intensity was measured by the Genepix400B scanner using tetramethylrhodamine (TRITC) labeled streptavidin and scanned at 557 nm. All experiments were performed in triplicate (*p < 0.05, **p < 0.01, ***p < 0.001, ns > 0.05).
